Abstract Germline heterozygous gain-of-function
Introduction
Anhidrotic ectodermal dysplasia with immunodeficiency (EDA-ID, OMIM#300291) was first described by Mario Abinun [1, 2] . Its pathogenesis was clarified in 2001, with the discovery of hypomorphic mutations of IKBKG (NEMO) impairing NF-κB activation and accounting for its X-linked recessive (XR) form [3] [4] [5] . Complete loss-offunction mutations of IKBKG (encoding NEMO) underlie X-linked dominant (XD) incontinentia pigmenti (IP) in females and are lethal in male fetuses [6, 7] . Hypomorphic IKBKG mutations in male children underlie typical features of EDA (e.g., conical teeth, sparse hair, hypohidrosis) and various immunological and infectious phenotypes. The most common immunological abnormality is a poor antibody (Ab) response to glycans, including pneumococcal capsular glycans [3] . Consistently, although not necessarily due to this mechanism, invasive pneumococcal disease is the most common infectious disease in these patients. Interindividual variability is observed for immunological and infectious phenotypes in patients with XR-EDA-ID, but also for developmental features, as some patients display mild or even no signs of EDA, even well into their twenties [8] [9] [10] [11] [12] [13] [14] [15] (unpublished data). By contrast, others display not only full-blown EDA but also additional features of osteopetrosis and lymphedema [3] . Over the last 14 years, at least a hundred patients with IKBKG mutations have been reported [14, 15] . The identification of hypomorphic IKBKG mutations in 2001 led to the discovery, in 2003, of a hypermorphic mutation in NFKBIA, encoding IκBα, in a child with an autosomal dominant (AD) form of EDA-ID [16] . This de novo mutation defined the first AD PID caused by a gain-of-function (GOF) allele, following on from the discovery of neutropenia-causing GOF mutations of the X-linked WASP gene in 2001 [17] . Hypomorphic IKBKG mutations and hypermorphic NFKBIA mutations share a common pathogenic mechanism, involving inhibition of the canonical NF-κB pathway [18] [19] [20] [21] . We review here the genetic, biochemical, immunological, and clinical features of the 14 patients with germline GOF NFKBIA mutations described since 2003.
Molecular Genetic Basis: Mutant NFKBIA Alleles
The molecular basis of AD EDA-ID was first elucidated in 2003, with the discovery of a de novo heterozygous GOF germline mutation of NFKBIA in a male infant [16] . Thirteen other patients from 13 other kindreds have since been identified [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The patients originated from seven countries on three continents: Asia (Japan, 4; China, 1), Europe (England, 1; Germany, 1; Italy, 1; the Netherlands, 1), and America (USA; 2) [16, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] (Table 1 ). Seven of the 14 patients carried a de novo mutation (P1, P4, P6, P9, P10, P11, P12), whereas the father of P2 had related clinical manifestations and harbored himself a de novo mosaic mutation. The remaining six patients probably also carried de novo mutations, but genotyping data were not obtained for one or both parents ( Table 1) . Eleven different mutations of NFKBIA (three of which are recurrent due to a mutation hotspot) have been identified. All the mutations identified affect the codons of exon 1 encoding the first 76 N-terminal amino acids. The mutations are missense (S32I: P1, P2, P13; S32G: P10; S32R: P11; S32N: P12; G33V: P14; S36Y: P6, P9; M37K: P7; M37R: P8) or nonsense (Q9X: P5; W11X: P3; E14X: P4) (Fig. 1a) . The missense mutations affect S32, S36, or neighboring residues (8 mutations, 11 patient), whereas the There are no such variations in databases of healthy individuals, such as gnomAD. In contrast, there are both missense and nonsense rare variations predicted to be loss of function elsewhere in the gene, strongly suggesting that there is no haploinsufficiency at the NFKBIA locus. The N-terminal sequence of IκBα is highly conserved across species, especially the sixamino acid degron (DSGLDS) and the two serine residues located at positions 32 and 36 in humans (Fig. 1a) . Once these serine residues have been phosphorylated, the degron becomes a substrate for β-TrCP, a component of the Skp1-Cullin-1-F-box proteasomal degradation complex that adds polyubiquitin chains (K48) to lysines K21 and K22, targeting IκBα for degradation [18, [34] [35] [36] . This results in the release of NF-κB dimers from their IκBα inhibitor and the translocation of these dimers into the nucleus. The first mutant allele to be described, S32I, was recently introduced into the nfkbia locus of mice, by knock-in techniques. Most of the phenotypes of these mice reproduce those reported for patients, but the mutant mice also display several new features not described in humans, including lack of Peyer's patches, spleen follicles, marginal zone, and germinal centers [37] .
Biochemical Phenotypes: IκBα Expression, Phosphorylation, and Degradation
A hallmark of the NF-κB pathway is its regulation by IκB proteins. Typical (IκBα, IκBβ, IκBε) and atypical (IκBζ, Bcell lymphoma 3 (BCL-3), IκBNS, and the precursor proteins p100 (NF-κB2) and p105 (NF-κB1)) IκB proteins are characterized by the presence of multiple ankyrin repeat domains (Fig. 1b) [38, 39] . In mice and humans, the three typical IκBs are expressed constitutively and control NF-κB retention in the cytoplasm (Fig. 2 ) [39] . Knock-out approaches in mice have demonstrated that IκBα is essential, as its absence leads to death in the perinatal period [40] , whereas knock-out mice for the genes encoding IκBβ and IκBε are viable, suggesting that they are dispensable for development [41, 42] . These observations are consistent with the higher level of expression (10 times as much messenger RNA (mRNA) as for IκBβ and IκBε, although all three genes are ubiquitously expressed) and the strong and rapid activation of IκBα (phosphorylation and degradation) [43, 44] (http://www.gtexportal.org). For a gain of function, the mutant NFKBIA allele must encode a mutant IκBα protein satisfying three conditions: the protein must be synthesized (although possibly at lower than normal levels), it must bind the Rel homology domain (RHD) of NF-κB heterodimers (p50, p65, c-Rel), and it must not be degraded following the activation of cellular pathways that normally signal via NF-κB (Fig. 2) . The amounts of mutant IκBα within the cell, its binding affinity to NF-κB, and its resistance to degradation therefore determine the degree of GOF and, consequently, the levels of NF-κB inhibition in heterozygous cells. The total amounts of IκBα protein expression in the patients' cells have been quantified by Western blotting [32] . Since the total amount of IκBα in the fibroblastic cell lines carrying heterozygous missense alleles (S32I: P1, P2; G33V: P14; M37K: P7) is similar to that in control WT/WT cell lines, and the abundance of missense proteins was similar with that of WT proteins when overexpressed, these missense alleles are probably expressed in normal amounts in the patients' cells. Indeed, the S32I, G33V, S36Y, and M37K missense alleles have all been stably overexpressed in vitro. In contrast, the truncated alleles (Q9X: P5; W11X: P3) are clearly less expressed than the WT in patients' fibroblasts [32] . The in vitro overexpression of individual Q9X, W11X, or E14X nonsense alleles resulted also in the production of a mutant polyubiquitinated with K48 chains are underlined. b Human IκB and NF-κB family member (adapted from [33] ). RHD relative homology domain, TAD transactivation domain; PEST rich in proline, glutamic acid, serine, and threonine; NLS nuclear localization site, LZ leucine zipper protein, despite the N-terminal stop codon, due to the reinitiation of translation. There are three downstream methionine (M) residues, at positions 13, 37, and 45. For the Q9X and W11X mRNAs, two proteins of lower molecular weight (MW) than the wild-type (WT) protein were produced, whereas only the smaller protein was generated from the E14X mRNA. The M13 residue may therefore be responsible for at least a partial reinitiation of translation for both the Q9X and W11X alleles. The second M residue used for translation of the lowest MW protein for the three alleles has not been identified definitively, but M37 and M45 are both plausible candidates. A reinitiation of translation has also been observed in leukocytes (Q9X), fibroblasts (W11X), and EBV-B cells (E14X) from the patients [23] [24] [25] . The capacity of mutant IκBα to bind p65 or c-Rel has been assessed only for the mutant protein encoded by the W11X allele. This protein has been shown to retain its capacity to bind p65 in fibroblasts after the immunoprecipitation of IκBα [23] . Phosphorylation of the S32 and S36 residues is a prerequisite for the degradation of IκBα. In fibroblasts from patients heterozygous for the S32I mutation (P1), and in those from KI nfkbia WT/S32I mice, phosphorylation of the S32 residue is delayed and occurs at lower levels than in WT cells; the phosphorylation of S36 has not yet been analyzed [16, 37] . By contrast, IκBα has been shown to be phosphorylated, at least on S32, in fibroblasts heterozygous for the S36Y mutation (P9). The phosphorylation of S32 of the W11X IκBα protein is undetectable. The phosphorylation of S32/S36 in cells from patients with S32R, S32N, G33V, M37K, or M37R mutations has not been studied. Finally, the specific degradation of missense mutant proteins (S32I, S32G, S32R, S32N, G33V, S36Y, M37R, M37K) cannot be investigated in patients' cells, due to the impossibility of distinguishing between the WT and mutant alleles. Incomplete IκBα degradation is nevertheless observed in all heterozygous cell lines tested (see below). Moreover, experiments with tagged-IκBα proteins have shown that the S32I-and M37K-IκBα mutant proteins are not degraded [16, 27] . Experiments where the same approach was used directly in patients' cells, in which the mutant proteins encoded by nonsense alleles have a lower MW, showed that the W11X and E14X proteins were stable, whereas the WT protein was degraded normally [23, 24] .
Finally, cells from nine patients carrying heterozygous missense mutations tested (S32I: P1, P2; S32G: P10; S32N: P12; G33V: P14; S36Y: P9; M37K: P7 in fibroblasts; S32R: P11 in EBV-B cells; or S36Y: P6 in T-cell blasts) displayed incomplete IκBα degradation at early time points after stimulation (TNF-α, CD40L, IL-1β, LPS, or PAM 3 CSK 4 ). The nfkbia WT/ S32I mice also displayed incomplete IκBα degradation [37] . The GOF observed for the mutant alleles was due to their expression, leading to the formation of stable complexes with NF-κB dimers, and escape from proteasomal degradation. However, none of the mutant proteins has been studied in depth in terms of the recognition of its degron by β-TrCP or its capacity to be polyubiquitinated with K48 chains.
Cellular Phenotypes: NF-κB Activation in Heterozygous Fibroblasts
The human NF-κB protein family has five members: p65 (RelA), RelB, c-Rel, p105/p50 (NFKB1), and p100/p52 (NFKB2). These transcription factors operate as homodimers or heterodimers [19, 45] and regulate multiple physiological facets of cells, tissues, organs, and individuals [6, 38] (Fig. 1b) . These five proteins are involved in the canonical (p65, p50, c-Rel, p52) or noncanonical pathway (p100/p52, RelB) [19, 45, 46] . The canonical pathway is dependent on the kinase activity of the IKK complex, whereas the noncanonical pathway depends on that of NIK [46] . In the canonical pathway, p65/p50, p50/p50, and c-Rel/p50 dimers are sequestered in the cytoplasm through association with inhibitors of NF-κB (IκBs) proteins that mask the p50 nuclear localization sequence (NLS) [34, 35] . Upon stimulation, IκBs are degraded, and the p50 NLS is exposed, driving the translocation of homo-or heterodimers containing this sequence to the nucleus, where they bind DNA at cognate binding sites, thereby driving gene transcription (Fig. 2) . Most of the receptors signaling through the canonical pathway play key roles in immunity. They include Toll-like receptors (TLR), IL-1Rs, and TNFRs [34] [35] [36] (Fig. 2 ). In patients with missense mutations (S32I: P1, P2; S36Y: P6), the translocation of p50/p65 and p50/p50 NF-κB dimers is impaired but not abolished in fibroblasts (Table 2) . A similar effect has been observed in fibroblasts from patients carrying a nonsense allele (W11X). Activation of the TLR/IL-1Rs (TIR) signaling pathway leads to the synthesis of various cytokines, including IL-1β, IL-6, IL-8, and TNF-α. Activation of the TIR signaling pathway in nonhematopoietic cells (fibroblasts) from patients with missense mutations, in response to treatment with IL-1β (via IL-1R) (S32I: P1; S36Y: P9) or LPS (TLR4) (S32I: P1, P2; G33V: P14; M37K: P7) and PAM 3 CSK 4 (TLR1/2) (M37K: P7), has been investigated. The TIR pathway is strongly impaired or abolished as shown by evaluations of the levels of proteins encoded by genes known to be targeted by NF-κB, such as IL-6 and TNF-α (Table 2) . Impaired responses were also observed upon treatment with IL-1β or LPS, in cells from patients with a nonsense mutation (Q9X, W11X). A comparison of LPS-driven IL-6 production by patients' fibroblasts showed a stronger phenotype for missense (S32I: P1, P2; G33V: 15; M37K: P7) than nonsense mutations (Q9X: P5; W11X: P3) [32] . Moreover, the LPS-driven induction of p100 (NFKB2) and RelB is more impaired in fibroblasts with missense (S32I: P1, P2; G33V; M37K) than nonsense mutations (Q9X: P5; W11X: P3) [32] . TNF-α production in response to similar LPS and PAM 3 CSK 4 treatments is impaired in bone marrow-derived dendritic cells from nfkbia WT/S32I mice [37] . TNFR1 and LTBR are also expressed in nonhematopoietic cells and signal through the canonical pathways [46] . The fibroblasts of patients with missense mutations (S32I: P1; S36Y: P6, P9; M37K: P7) have impaired responses to TNF-α (TNFR1) and LTα1β2 (LTBR). None of the patients with nonsense mutations has undergone assessments of TNFR activation ( Table 2 ). Fibroblasts of patients with missense (S32I: P1, P2; G33V: P14; M37K: P7) and nonsense mutations (Q9X: P5; W11X: P3) have also been co-stimulated with LPS and α-LTBR. RNA-Seq and qPCR data showed a broader and more profound phenotype in fibroblasts with missense mutations, when compared with nonsense mutations. Overall, missense mutations seem to underlie more severe cellular phenotypes than nonsense mutations, probably because of the more abundant levels of missense proteins in heterozygous cells, when compared with proteins resulting from reinitiation of translation. None of the patients with NFKBIA mutations has been tested for cellular responses to the stimulation of other TNFRs, including EDA-R and RANK (active in the ectoderm and bone, respectively) or VEGFR3 (lymphatic development). These cellular phenotypes are fully reproduced in nfkbia WT/S32I mice [37] and mimic the phenotype of nonhematopoietic cells carrying hypomorphic alleles of the X-linked NEMO/IKBKG gene.
Cellular Phenotypes: NF-κB Activation in Heterozygous Leukocytes
The TIRs (e.g., TLR4, IL-1R), TNFRs (e.g., TNFR1, CD40), BCR, and TCR in hematopoietic cells operate via the canonical NF-κB pathway, in an IκBα-dependent manner (Fig. 2) . In patients heterozygous for NFKBIA GOF, investigations of TIR leukocyte responses to stimuli have been carried out for IL-1β (IL-1Rs), IL-18 (IL-18R), PAM 3 CSK 4 (TLR1/2), zymosan A (TLR2), poly(I:C) (TLR3), LPS (TLR4), flagellin (TLR5), and ODN2216 (TLR9). In patients with missense mutations (S32I: P2), the translocation of p50/p65 is impaired but not abolished, in macrophage-derived monocytes stimulated with LPS. Similarly, leukocytes (from PBMC or whole blood) from patients with missense (S32I: P1, P2; S32G; S36Y: P6; M37K) or nonsense (W11X: P3; E14X: P4; Q9X: P5) mutations have impaired cytokine production in response to IL-1β, IL-18, LPS, PAM 3 CSK 4 , zymosan, and poly(I:C). Even P2's father with heterozygous S32I mosaicism had an impaired response to LPS, PAM 3 CSK 4 , and zymosan. However, the TLR7 pathway seems to be intact, based on the normal activation observed after stimulation with the synthetic and TLR7-specific agonist 3M-13, but this pathway has been tested only in the cells of P3 (W11X). Investigations of leukocyte TNFR responses have been carried out with TNF-α (TNFR1) and CD40L (CD40). Cytokine production in response to TNF-α was impaired in leukocytes from P7 (M37K; whole blood). PBMCs from the individual with S32I mosaicism also had impaired responses to TNF-α. The cooperation between B and T cells is dependent on the interaction between CD40 and CD40L. Following CD40L stimulation, EBV-B cells from the patient (P4) with the E14X mutation displayed impaired translocation of p50/p65 to the nucleus. Consistent with this finding, the EBV-B cell response to CD40L was also impaired in a patient with a heterozygous S36Y mutation (P6), as demonstrated by the lower surface induction of NF-κB-dependent co-stimulatory molecules (such as CD23, CD54) on B cells [28] . A similar activation defect has also been detected in nfkbia WT/S32I mice [37] . The induction of NF-κB target genes has not been investigated in any of the patients with heterozygous nonsense mutations. TCR and BCR also signal through IκBα via an indirect pathway controlled by a signalosome consisting of a CARD11, BCL-10, and MALT-1 (CBM) complex [47] (Fig. 2) . Only two patients with missense mutations (S32I: P1; S36Y: P9) have been tested for T-cell activation in response to TCR stimulation (anti-CD3 (α-CD3), α-CD3/α-CD28, Bacille Calmette Guérin (BCG)). In cells from the patient with the S32I mutation, stimulation with α-CD3 or α-CD3/α-CD28 led to normal IFN-γ production. However, in the presence of BCG, cells from the patient with the S36Y mutation (P9) displayed low levels of IL-12 or IFN-γ production ( Table 2) . Purified splenic T cells from nfkbia WT/S32I mice produced normal amounts of IL-2 upon α-CD3 stimulation, but half the normal amount upon stimulation with α-CD3/α-CD28. Finally, B-cell activation in response to BCR engagement was not investigated in any of the patients. Overall, despite methodological differences between studies (stimulation or read-out), all the patients display impaired induction of NF-κB-dependent target genes, with the exception of the response to TCR engagement for the patient with the S32I mutation. However, as this assay was not used in any of the other reports, and only few patients and experimental approaches were tested, it is too early to conclude that TCR pathways are potentially intact in these patients.
Immunological Phenotypes: Innate and Intrinsic Immunity in Heterozygous Patients
The impaired activation of NF-κB in these patients leads to a broad immunological phenotype. In the myeloid lineage, normal monocyte counts have been reported for patients with missense (S32I: P1, P2; S32G: P10; S36Y: P6) or nonsense (Q9X: P5) mutations (Table 3) . Neutrophil levels were high, whereas eosinophil and basophil levels were not, in P9 (S36Y) but in the normal ranges for P10 (S32G); no data have been reported for the other patients. Granulocytes were normal in nfkbia WT/S32I mice. Dendritic cell counts were not obtained for any of the patients. In nfkbia WT/S32I mice, myeloid and plasmacytoid dendritic cell counts were similar to those in their WT littermates, but lymphoid DC counts were lower. NK cell counts were low in two (S36Y: P6; E14X: P4) and high in one (W11X: P3) of the nine patients tested (S32I: P2; S32G: P10; S32R: P11; S32N: P12; S36Y: P9; M37R: P8). Only one patient (S32I: P1) has been assessed for NK function and which was normal (Table 3) . No proportions or counts have been reported for innate lymphoid cells in these patients. Given the ubiquitous expression of IκBα and NF-κB, and the strong phenotype of dermal fibroblasts, it is reasonable to assume that most, if not all, cells and tissues in these patients display some form of cell-intrinsic disorder that may facilitate the development of certain infections. However, the ability of fibroblasts to control invading microorganisms, such as viruses, was not tested. Moreover, as discussed below, the apparently favorable outcome of hematopoietic stem cell transplantation (HSCT) suggests that immunodeficiency may result mostly from innate or adaptive leukocyte disorders.
Immunological Phenotypes: Adaptive Immunity in Heterozygous Patients
W h o l e -b l o o d f o r m u l a d e t e r m i n a t i o n s a n d immunophenotyping showed that six patients had T lymphocytosis (S32I: P1, P2; S32G: P10; S32R: P11; S32N: P12; M37K: P7; Table 3 ). Not coincidentally, these same patients except P10 (S32G) also had an excess of naïve CD4 and CD8 T cells, with low proportions of memory T cells in three patients (S32I: P1; S32R: P11; S32N: P12) and a normal memory T-cell count in the remaining patient (S32I: P2). A similar phenotype was observed in nfkbia WT/S32I mice. One of the three patients with a nonsense mutation (W11X: P3) also presented T lymphocytosis with a high count of CD4 T cells. Six of the eight patients with missense mutations tested also had low proportions or a complete absence of γ/δ T cells (S32I: P1, P2; S32R: P11; S32N: P12; S36Y: P6; M37K: P7; Table 3 ), as did the only patient with a nonsense mutation (E14X: P4) tested. One patient (M37K: P7) had a low proportion of Th17 cells in an ex vivo experiment, but this aspect was not investigated for any of the other patients. Interestingly, naïve CD4 T-cell polarization to Th1 and Th17 in vitro was impaired for nfkbia WT/S32I mice [37] . The in vitro proliferation of T cells following TCR engagement has been studied in detail. The stimulation with α-CD3 of PBMCs from patients showed proliferation to be impaired in all studied patients with missense mutations (S32I: P1, P2; S36Y: P6, P9; M37K: P7), even at low doses of α-CD3 in four cases (<1 μg/mL α-CD3; S32I: P1, P2; S36Y: P6; M37K: P7; Table 2 ). The patient with the S36Y mutation (P6) had normal T-cell proliferation rates at high doses (>1 μg/mL α-CD3).
The addition of a co-stimulatory signal (α-CD28) to α-CD3 stimulation abolished the T-cell proliferation defect for all patients with missense mutations (S32I: P1; M37R: P8; S36Y: P9). A similar pattern has been observed in nfkbia WT/S32I mice, with a slight decrease in T-cell proliferation following stimulation with α-CD3, but normal T-cell proliferation in the presence of α-CD3 and α-CD28. Only one patient with a nonsense mutation (W11X: P3) was tested and found to have a normal T-cell proliferation upon stimulation with α-CD3, with or without α-CD28. Following incubation with lectin phytohemagglutinin A (PHA) or concanavalin A (ConA), the PBMC from one of the eight patients with missense mutations (S32I: P2) tested displayed a proliferation defect. T cells from three patients with nonsense mutations were studied. Only those from the patient with the Q9X mutation had a lower rate of proliferation than control cells. T-cell proliferation in response to recall antigen stimulation was abolished in two patients (S32I: P1, P2) and occurred at an intermediate rate in P2's father (S32I mosaic). T-cell proliferation in response to allogeneic cell stimulation was normal in the only patient tested (S32I: P1). Patients with other missense (S36Y: P6; M37K: P7) or nonsense (W11X: P3; E14X: P4) mutations display normal T-cell proliferation under these stimulation conditions. Overall, these data strongly suggest that the T-cell function mediated by TCR engagement is impaired but not abolished in these patients. However, comparisons of individuals with the same mutation have revealed no obvious genotype/phenotype correlations.
GOF NFKBIA mutations also have a major impact on the B-cell compartment ( Table 2) . Six of the patients with these mutations had an abnormally large total number of B cells (S32I: P1; S32G: P10; S36Y: P6; M37R: P8; W11X: P3; Q9X: P5) and those tested for memory B cells were found to have low counts, unswitched, or a total absence of these cells (S32G: P10; S32R: P11; S32N: P12; S36Y: P6; M37K: P7; M37R: P8) ( Table 3) . Dysgammaglobulinemia was detected in eight of 10 patients (S32I: P1, P2; S32G: P10; S36Y: P6, P9; M37K: P7; M37R: P8; W11X: P3; Q9X: P5), and when reported, these patients displayed only low levels or no Ab against vaccine antigens (Table 3) . Diagnostically, GOF NFKBIA mutations thus underlie a combined immunodeficiency [48, 49] with an additional layer of impaired innate immunity, affecting myeloid cells in particular, but also lymphoid cells. It is a combined immunodeficiency in another sense, in that it affects both innate and adaptive immunity.
Developmental Manifestations in Heterozygous Patients
The disruption of NF-κB activity downstream from TNFR family members such as EDAR and RANK leads to developmental phenotypes. All but one of the 14 patients with a germline NFKBIA mutation (the exception being P9, with the S36Y mutation) have some features of EDA ( [37] . Mice and humans heterozygous for NFKBIA GOF mutations do not seem to display other developmental features (e.g., neurological features), at least early in life.
Infectious Manifestations in Heterozygous Patients
These patients presented a broad spectrum of severe infectious diseases, consistent with the breadth and depth of the immunological and cellular phenotypes. Most patients presented multiple, severe infections caused by bacteria, fungi, and viruses, beginning at an early age, typically before the age of 3 months (Table 4) . Invasive and noninvasive bacterial infections have been reported in 11 of the 12 documented patients. Recurrent upper respiratory tract infections or pneumonia due to Klebsiella, Pseudomonas aeruginosa, or Haemophilus influenzae have been reported in nine of the 12 patients (S32: P1, P2; S32R: P11; S32N: P12; S36Y: P9; M37K: P7; M37R: P8; Q9X: P5; W11X: P3), and sepsis or meningitis due to Streptococcus A, Klebsiella pneumoniae, or Staphylococcus aureus has been reported in five cases (S32I: P2; S32R: P11; S32N: P12; M37R: P8; E14X: P4) (Table 4) [ [22] [23] [24] 50] . This susceptibility may be due to impairment of the ability of naïve B cells to switch and differentiate into memory B cells, leading to low levels of Ab production [51] . These patients display impairments of both T-independent and T-dependent B-cell immunity; they failed to mount strong antibody responses to vaccine antigens. This high susceptibility may also be associated with the impaired response to TIR pathways, as observed in patients with MyD88 or IRAK-4 deficiency [52] [53] [54] [55] . P2's father with mosaicism for the heterozygous S32I mutation had enteritis caused by Salmonella typhimurium at the age of 20 years. S32G (P10) also had recurrent Salmonella enteritidis extraintestinal infection. Three patients had mycobacterial infection caused by the BCG vaccine (skin abscess in P6: S36Y), Mycobacterium abscessus and Mycobacterium tuberculosis (septic arthritis of the knee, osteomyelitis, and abdominal lymphadenopathy, P9: S36Y), or Mycobacterium malmoense (in the blood and in the skin culture, P10: S32G) [28, 29] . Interestingly, two of the patients carried the same mutation (S36Y). Susceptibility to mycobacteria may be related to a defect of T-dependent IL-12-producing monocytes, leading to impaired IFN-γ secretion by T cells, as shown in NEMOdeficient patients [56] [57] [58] [59] . Impaired Th1 cell differentiation as observed in nfkbia WT/S32I mice may also be relevant [59] . The patients are also prone to fungal infections; seven patients have chronic mucocutaneous candidiasis (CMC) (S32I: P1, P2; S32G: P10; S32R: P11; M37K: P7; M37R: P8; E14X: P4) and two of these patients have also had pulmonary pneumocystosis (S32I: P2; E14X: P4) ( Table 4) . Two nonexclusive factors may underlie CMC in these patients. The response of endothelial cells to IL-17A/F may be defective, although this has not been explored [60] . Alternatively, a Tcell activation defect detected in some patients and low Th17 cell counts in one patient (M37K: P7) may be involved [37] . Pneumocystosis is probably more likely to occur in patients with impaired CD40 responses, as this infection is commonly seen in patients with CD40 or CD40L deficiency [61, 62] . Three patients had severe viral infections caused by rotavirus, norovirus, sapovirus, parainfluenza virus, RSV, and CMV (S32G: P10; E14X: P4; Q9X: P5). The production of type I and type II IFN has not been investigated, but the key role of NF-κB in inducing IFNs [63] and the results of studies conducted in patients with hypormorphic NEMO deficiency [64] suggest that NFKBIA GOF may decrease the production of antiviral IFNs [65, 66] .
Other Immunological Manifestations
Seven patients with missense mutations (S32I: P1, P2; S32R: P11; S32N: P12; P13; S32G: P10; M37K: P7) apparently lacked peripheral nodes (LNs), even during regional infection, whereas another had very small LNs (S36Y: P6). In contrast, all patients with nonsense mutations (Q9X, W11X, E14X) apparently had LNs. Similarly, in nfkbia WT/S32I mice, a complete absence of LNs was associated with an inability to respond to T-independent and T-dependent antigens and to form germinal centers [37] . Eight patients presented recurrent diarrhea and/or colitis, the inflammatory or infectious nature of which was unclear (Table 3 ) [16, [22] [23] [24] [25] [26] [27] [28] [29] . It may be no coincidence that nfkbia WT/S32I mice have no Peyer's patches in the small intestine, but these mice have not been reported to have diarrhea or colitis. This lymphoid structure has not been investigated in patients with NFKBIA GOF. Three patients have been found to display autoinflammation (S36Y: P6; S32R: P11; S32N: P12), and the relative with complex mosaicism (S32Im) had juvenile idiopathic arthritis. One of the patients has been reported to have autoimmunity (M37K: P7) but none to have cancer. The broad clinical and infectious phenotype of these patients reflects the large impact of IκBα on innate, adaptive, and nonhematopoietic cells.
Treatment and Outcome of Heterozygous Patients
Seven of the 14 patients had already died (six after HSCT) and seven were still alive (five after HSCT) at the time at which they were reported ( Table 5 ). Eleven of the 14 patients received HSCT (S32I: P1; P2, P13; S32G: P10; S32R: P11; S32N: P12; G33V: P14; S36Y: P6; M37K: P7; Q9X: P5; E14X: P4). Six died during or after the transplantation period, from bacterial sepsis (S32R: P11; M37K: P7; E14X: P4), progressive neurodegenerative disease (Dr. Lankester, personal communication; S32I: P2), acute respiratory distress (S32N: P12), or cerebellar hemorrhage (S36Y: P6). Five cases of successful HSCT have been reported: the first of these patients (S32I: P1) is now 21 years old and underwent haplo-identical HSCT at the age of 1 year ( [50] and Dr. Cancrini, personal communication); the second patient (Q9X: P5) is 7 years old and received HSCT from an unrelated donor at the age of 2 years [67] ; the third one (S32G: P10) is 6 years old and received HSCT from an unrelated donor at the age of 4 years [31] . The two last patients (S32I: P13; G33V: P14) are both 10 years old and received the HSCT 3 and 8 years earlier, respectively [32] . All still have the EDA phenotype. P1, P13 (S32I), P10 (S32G), and P14 (G33V) still have persistent partial immunodeficiency (recurrent infections, diffuse cutaneous warts, and chronic diarrhea) on intravenous immunoglobulins (IVIG), whereas P5 (Q9X) is free of treatment. The remaining two patients, now aged 9 and 21 years (W11X: P3; S36Y: P9), are not scheduled to undergo HSCT, in one case because the clinical features were not severe enough (P3), and in another because of the family's reservations (P9). However, these two patients are on IVIG, and P9 (S36Y) has been receiving antituberculosis treatment, IFN-γ injections, and antibacterial treatment since a recurrence of infection when she was off all treatment. The patient chimeric for the S32I allele is not on treatment.
Antibiotic prophylaxis with cotrimoxazole and/or penicillin and antifungal treatment with fluconazole should be proposed (in the absence of allergy), to prevent bacterial and fungal infections. Moreover, despite the impairment of B-cell immunity in these patients, they should be immunized with Streptococcus pneumoniae conjugated and nonconjugated vaccines, H. influenzae conjugated vaccine, and Neisseria meningitidis conjugated and nonconjugated vaccines. If no specific Abs are produced, intravenous or subcutaneous IgG substitution should be carried out. These patients should not receive live vaccines (BCG, attenuated polio, measles, mumps, rotavirus, rubella, and varicella viruses); one patient developed BCG-osis [28] . Finally, patients with heterozygous NFKBIA mutations should be started on empiric parenteral antibiotic treatment against K. pneumoniae, S. aureus, P. aeruginosa, and β-hemolytic Streptococcus as soon as an infection is suspected. A secondary adaptation of antibiotic treatment should be carried out once the causal bacterium has been documented. In cases of mycobacterial infection, long-term antimycobacterial treatment associated with rIFN-γ should be initiated. The success of HSCT in five patients (P1, P5, P10, P13, and P14) suggests that this treatment can be proposed [32, 49, 66] . However, HSCT should correct the hematopoietic immunity, both innate and adaptive, but cannot correct defects of nonhematopoietic compartments, including those involved in cell-autonomous, intrinsic immunity and the development of certain lymphoid organs, not to mention the signs of EDA. This point has been elegantly demonstrated by the engraftment of WT cells into nfkbia WT/ S32I mice. After transplantation, the mice had normal hematopoietic cell counts and function, but no LNs (and germinal centers). The premature death of two of the patients from bacterial infection (including by commensals) after HSCT and the lifelong need for IV-IgG treatment in three of the patients in whom transplantation was successful support this view. It is therefore important to keep these patients on longterm prophylaxis after HSCT. In EDA-ID patients mutated in NEMO, whose clinical features are extremely variable, the indication of HSCT should be discussed on a case-by-case basis, depending on the patient's genotype and phenotype.
Patients with GOF mutations in IκBα are clinically heterogenous too, although to a much lesser degree. The indication of HSCT should be discussed on a case-by-case basis, depending on the patient's genotype (missense versus nonsense mutation) and phenotype (immunological and clinical).
Concluding Remarks
NFKBIA germline mutations have been reported in 14 patients. The 14 patients displayed a broad spectrum of severe infections. With hindsight, the initial description of the first patient proved to be both accurate, in terms of immunological and clinical phenotypes, and helpful, for the diagnosis and management of subsequent cases [68, 69] . This description proved to be accurate, because the principal findings of the first paper were confirmed to be robust in all the other patients identified later on, highlighting the utility and importance of single-patient genetic studies [68] . However, as expected, the description of other patients revealed some degree of interindividual variability (Table 6 ). The clinical and immunological features of these patients seem to depend in part on the type of mutation (missense versus nonsense). The nonsense mutations, especially those encoding by reinitiation of translation proteins that are GOF but poorly expressed, seem to underlie less severe phenotypes at the cellular and clinical levels, when compared with missense mutations (Table 6 ). The broad and profound immunological phenotypes of patients with heterozygous NFKBIA mutations are responsible for the broad susceptibility to infection with invasive pyogenic bacteria (meningitis, sepsis, arthritis, osteomyelitis, and abscesses), environmental mycobacteria, fungi, and, to a lesser extent, parasites and viruses. The clinical consequences of their immunological phenotypes also appear to be largely restricted to infectious diseases. The patients display no major signs of allergy, autoinflammation, virus-induced cancer, or autoimmunity, although this may be due to premature death or treatment by HSCT. Extrahematopoietic manifestations, reflecting the breadth of NF-κB physiology, are also present. With the recognition of infectious diseases as monogenic inborn errors of immunity, the description of mutations in other genes, upstream or downstream from IκBα, should gradually elucidate the pathogenesis of infectious and immunological phenotypes affecting EDA-ID patients [70] [71] [72] , as illustrated by the discovery of mutations in the BCL10-CARD core complex [73] or in the TIR pathway [52] [53] [54] [74] [75] [76] . These mutations provide explanations for some of the immunological and clinical phenotypes common to patients with hypomorphic IKBKG/NEMO mutations or hypermorphic NFKBIA/IκBα mutations. Future discoveries of germline mutations in genes encoding molecules upstream or downstream from IκBα should clarify the pathogenesis of the various phenotypes seen in patients with GOF mutations in IκBα.
